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Fig. 1. 2SWLFDOLPDJHRID933FRPSRVLWHWRS9LHZZKHUHWKHGDUNHUDUHDV
DUHWKHSLOODUVDQGWKHOLJKWHUDUHDLVWKHSRO\PHUPDWUL[ 
3ROLQJ RI WKH FRPSRVLWHV ZDV FDUULHG RXW LQ D EHVSRNH
FRURQDSROLQJMLJDW&IRUPLQZLWKDYROWDJHRIN9
EHIRUHGHSRVLWLQJFKURPH-JROGHOHFWURGHVRQERWKVLGHVRIWKH
FRPSRVLWH DUHD DV GHVFULEHG IRU WKH 3=7 RFWDJRQV 7KH
FRPSRVLWHV ZHUH WKHQ ODVHU-FXW LQWR GLVFV ZLWK D GLDPHWHU RI
PPUHDG\IRUWKHWUDQVGXFHUIDEULFDWLRQ7KHWUDQVGXFHUV
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DQG VLPLODUO\ VL]HG EUDVV WXEHV 6SHFLDOLW\ 0HWDOV 8.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UHVSHFWLYHO\ ZHUH XVHG IRU WKH RWKHU WKUHH WUDQVGXFHUV RI
ZKLFKWKHRQHIRU7UG[-6)KDGDODWHUDORSHQLQJRIPP 
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FRQQHFWHG WR WKH ERWWRP HOHFWURGH 7KH FRPSRVLWH ZDV WKHQ
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WRJHWKHU ZLWK FORVH-XS LPDJHV RI WKH 3=7 RFWDJRQV DQG
FRPSRVLWHVPRXQWHGRQWKHQHHGOHV 
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Fig. 2. 3KRWRJUDSKV RI VLQJOH HOHPHQW QHHGOH WUDQVGXFHUV 7KH IRXU LQVHW
LPDJHVVKRZFORVH-XSSLFWXUHVRI WKHIURQW-IDFLQJ7UG[-))DQG7UG[-
))DQGWKHVLGH-IDFLQJ7UG[-6)DQG7UG[-6)WUDQGXFHUV 
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7KH HOHFWULFDO LPSHGDQFH VSHFWUD RI WKH IRXU DVVHPEOHG
QHHGOH WUDQVGXFHUV ZHUH PHDVXUHG E\ D SUHFLVLRQ LPSHGDQFH
DQDO\VHU$$JLOHQW7HFKQRORJLHV8./WG8.DQGDUH
SUHVHQWHGLQ)LJ'LVWLQFWUHVRQDQFHVDUHIRXQGDWa0+]
IRU DOO RI WKH WUDQVGXFHUV DV SHU WKH GHVLJQ VSHFLILFDWLRQ
FRUUHVSRQGLQJ WR WKH IXQGDPHQWDO WKLFNQHVV PRGH $OO WKH
VPDOOHU UHVSRQVHV DZD\ IURP WKH PDLQ UHVRQDQFH SHDNV DUH
WKRXJKWWREHDUHVXOWRIWKHWUDQVGXFHUKRXVLQJRUIDEULFDWLRQ
SURFHVV DV WKHVH ZHUH QRW REVHUYHG ZKLOH FKDUDFWHULVLQJ WKH
DFWLYH HOHPHQWV SULRU WR DVVHPEO\ 7KH HOHFWURPHFKDQLFDO
FRXSOLQJIDFWRUVNWFDOFXODWHGIURPWKHLPSHGDQFHFXUYHVIRU
7UG[-))7UG[-6)7UG[-))DQG7UG[-6)DUH
 DQG  UHVSHFWLYHO\ +LJKHU NW YDOXHV DUH REWDLQHG
IURPWKHFRPSRVLWHWUDQVGXFHUVDVH[SHFWHGGHPRQVWUDWLQJWKH
DGYDQWDJH RI WKH FRPSRVLWH PDWHULDO LQ LPSURYLQJ HQHUJ\
WUDQVGXFWLRQHIILFLHQF\FRPSDUHGZLWKWKHPRQROLWKLF3=7 
 
Fig. 3. ,PSHGDQFHDQGSKDVHGLDJUDPVRID7UG[-))E7UG[-6)F
7UG[-))DQG7UG[-6)QHHGOHWUDQVGXFHUV 
B. 3XOVH-HFKRWHVWV 
7KH SXOVH-HFKR UHVSRQVHV RI WKH WUDQVGXFHUV ZHUH WHVWHG
XVLQJ D KLJK IUHTXHQF\ SXOVHU-UHFHLYHU '35  -65
8OWUDVRQLFV 3LWWVIRUG 1< 86$ $ IODW  PP WKLFN JODVV
SODWH VXEPHUJHG LQ ZDWHU ZDVXVHG DV WKH HFKR WDUJHW GXULQJ
WKHVHPHDVXUHPHQWV$VVKRZQ LQ)LJ WKHREWDLQHGSXOVH-
HFKR UHVSRQVHV SUHVHQW VLPLODU FHQWUDO IUHTXHQF\ YDOXHV RI
a± 0+] IRU DOO RI WKH QHHGOH WUDQVGXFHUV EXW JLYH
VLJQLILFDQWO\ EURDGHU - G% EDQGZLGWK YDOXHV IRU WKH
FRPSRVLWH WUDQVGXFHUV DW DQG IRU WKH7UG[-))
DQG 7UG[-6) UHVSHFWLYHO\ FRPSDUHG WR WKRVH RI WKH 3=7
WUDQVGXFHUV ZKLFK ZHUH  DQG  IRU WKH 7UG[-))
DQG7UG[-6)UHVSHFWLYHO\7KH-G%SXOVHOHQJWKVRIIRXU
WUDQVGXFHUVDUHVVVDQGV 
,Q WKH VHW RI WUDQVGXFHUV LQFRUSRUDWLQJ WKH VDPH DFWLYH
HOHPHQW PDWHULDO ZLWK WKH VDPH GLPHQVLRQV WKH RQH IDFLQJ
VLGHZD\V VKRZHG QDUURZHU EDQGZLGWK WKDQ WKH RQH IDFLQJ
IRUZDUGV7KLVLVSUREDEO\UHODWHGWRWKHIDFWWKDWWKHWKLFNQHVV
RIWKHEDFNLQJZDVSK\VLFDOO\OLPLWHGWROHVVWKDQPPLQWKH
VLGHZD\V IDFLQJ 7UG[-6) DQG 7UG[-6) WUDQVGXFHUV GXH WR
VPDOOQHHGOHGLDPHWHUZKHUHDVWKHEDFNLQJLQIRUZDUG-IDFLQJ
GHYLFHVZDVDURXQGPPWKLFN$SRVVLEOHVROXWLRQPD\EHWR
LQFUHDVH WKHEDQGZLGWK LQ WKHVLGHZD\V-IDFLQJ WUDQVGXFHUVE\
LQWURGXFLQJPRUHGDPSLQJE\LQFUHDVLQJWKHWXQJVWHQYROXPH
IUDFWLRQLQWKHEDFNLQJPDWHULDO 
 
Fig. 4. 3XOVH-HFKRUHVSRQVHDQGVSHFWUDRID7UG[-))%7UG[-6)F
7UG[-))DQGG7UG[-6)QHHGOHWUDQVGXFHUV 
C. :LUHSKDQWRPVFDQ 
7KH LPDJLQJ FDSDELOLWLHV RI WKH QHHGOH WUDQVGXFHUV ZHUH
VWXGLHG E\ VFDQQLQJ ZLUH SKDQWRPV 7KH WUDQVGXFHUV ZHUH
FRQQHFWHG WR D VFDQQLQJ V\VWHP EXLOW LQ-KRXVH SURJUDPHG
XQGHU /DE9,(: 1DWLRQDO ,QVWUXPHQWV 1HZEXU\ 8.
HQYLURQPHQW )RU ERWK WKH IRUZDUG DQG VLGH±IDFLQJ
WUDQVGXFHUVWKHQHHGOHVZHUHDWWDFKHGWRDQDXWRPDWLFOLQHDU
VFDQQLQJ VWDJH FRQWUROOHG E\ D 6+27- VWDJH FRQWUROOHU
6LJPD .RNL 7RN\R -DSDQ DQG WKH UHIOHFWHG HFKR WKURXJK
WKH SXOVHU-UHFHLYHU ZDV FDSWXUHG DQG VDYHG ZLWK DQ
RVFLOORVFRSH 0'2 7HNWURQL[ 2UHJRQ 8QLWHG 6WDWHV
IRUSRVWLPDJHSURFHVVLQJ7ZRZLUHSKDQWRPVZHUHSUHSDUHG
7UG[-)) 7UG[-6) 
7UG[-)) 7UG[-6) 
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LQ RUGHU WR FDUU\ RXW WKH FKDUDFWHULVDWLRQ )RU WKH IRUZDUG-
IDFLQJ WUDQVGXFHUV WKH SKDQWRP ZDV PDGH RI HLJKW WXQJVWHQ
ZLUHVRIPLQGLDPHWHUSRVLWLRQHGLQDEHVSRNHKROGHUVR
WKDW WKH\ZHUHVHSDUDWHGE\PPDORQJ WKHD[LDODQG ODWHUDO
GLUHFWLRQV )RU WKH VLGH-IDFLQJ WUDQVGXFHUV D UDGLDO ZLUH
SKDQWRPZDVPDGHRIDUDSLGSURWRW\SHGKROGHUDQGVL[Q\ORQ
ILVKLQJ ZLUHV RI  PP GLDPHWHU ZKLFK ZHUH SRVLWLRQHG DW
YDULRXVUDGLDOGLVWDQFHVZLWKLQWKHKROGHU /LQHDUVFDQVZHUH
SHUIRUPHGZLWKWKHIRUZDUG-IDFLQJWUDQVGXFHUPRYLQJVWHSE\
VWHSRYHU WKH WXQJVWHQ ZLUHSKDQWRP)RU VFDQQLQJXVLQJ WKH
VLGH-IDFLQJWUDQVGXFHUVWKHV\VWHPFRQILJXUDWLRQLVVLPLODUEXW
WKH QHHGOH WUDQVGXFHUV UHPDLQHG LQ D IL[HG FHQWUDO SRVLWLRQ
ZKLOVW WKH UDGLDO ILVKLQJ ZLUH SKDQWRP ZDV URWDWHG RQ D
PRWRUL]HG SUHFLVLRQ URWDWLRQ VWDJH 350= PRXQW ZLWK
7'& 7-&XEH '& 6HUYR 0RWRU &RQWUROOHU 7KRUODE 1HZ
-HUVH\86$$OOVFDQQLQJZHUHFDUULHGRXWZLWK WUDQVGXFHUV
DQGZLUHSKDQWRPVVXEPHUJHGLQZDWHU 
7KHOLQHDUVFDQDQGURWDWLQJLPDJHVDUHGLVSOD\HGZLWKWKH
G\QDPLFUDQJHRIG%DQGG%UHVSHFWLYHO\DVVKRZQLQ
)LJ  %RWK LPDJHV SURGXFHG E\ WKH FRPSRVLWH WUDQVGXFHUV
KDYH UHODWLYHO\ JRRG UHVROXWLRQ DQG ORZ QRLVH ZKLOH WKH
LPDJHV IURP WKH 3=7 WUDQVGXFHUV DUH JHQHUDOO\ QRLVLHU
$OWKRXJK E\ FRPSDULQJ )LJ F DQG G WKH 7UG[-6)
VKRZV KLJKHU VHQVLWLYLW\ WKDQ 7UG[-6) 7UG[-6) VXIIHUV
IURPDVHYHUH³ULQJLQJ-GRZQ´SUREOHPLQLWVQHDUILHOGUHJLRQ
PDNLQJLWGLIILFXOWWRGHWHFWDQ\FORVHWDUJHWV 
 
Fig. 5. %-VFDQLPDJHVRIWXQJVWHQZLUHVE\D7UG[-))DQGE7UG[-))
DQGURWDWLQJILVKZLUHVFDQLPDJHVE\F7UG[-6)DQGG7UG[-6) 
IV. &21&/86,21$1')8785(:25. 
 0+] VLQJOH HOHPHQW QHHGOH WUDQVGXFHUV GHVLJQHG IRU
LQWUDRSHUDWLYH LPDJH-JXLGHG QHXURVXUJHU\ KDYH EHHQ
IDEULFDWHG XVLQJ FRPPHUFLDO 3=7 EXON FHUDPLF DQG PLFUR-
PRXOGHG - SLH]RFRPSRVLWHV 9DULRXV WHFKQLTXHV KDYH EHHQ
GHYHORSHG IRU WKH IDEULFDWLRQ RI WKH WUDQVGXFHUV ORRNLQJ
IRUZDUGV DQG VLGHZD\V 7KH LPSHGDQFH DQG SXOVH-HFKR
UHVSRQVH RI WKHVH WUDQVGXFHUV KDYH EHHQ FKDUDFWHULVHG DQG
KLJKHUFRXSOLQJEHWWHUD[LVUHVROXWLRQDQGEURDGHUEDQGZLGWK
KDYH EHHQ IRXQG IRU WKH FRPSRVLWH WUDQVGXFHUV DV H[SHFWHG
7KHSHUIRUPDQFHRIWKHVLGHZD\V-IDFLQJWUDQVGXFHUVPLJKWEH
DIIHFWHG E\ WKH UHODWLYHO\ WKLQ EDFNLQJ DQG IXUWKHU VWXG\ RQ
EDFNLQJ PDWHULDOFRPSRVLWLRQ VXLWDEOH IRU VLGHZD\V-IDFLQJ
QHHGOH WUDQVGXFHU LV UHTXLUHG 7KH LPDJLQJ FDSDELOLWLHV RI
WKHVH WUDQVGXFHUV KDYH DOVR EHHQ GHPRQVWUDWHG E\ OLQHDU DQG
URWDWLQJ ZLUHSKDQWRPVFDQV6WXGLHVRI EUDLQ WLVVXH LPDJLQJ
XVLQJ WKHVH WUDQVGXFHUV ZLOO EH FRQGXFWHG IRU IXUWKHU
IHDVLELOLW\ WHVWV %DVHG RQ WKH H[SHULHQFH IURP WKHVH VLQJOH
HOHPHQW WUDQVGXFHUV DUUD\ WUDQVGXFHUV LQ D QHHGOH ZLOO EH
IDEULFDWHGLQWKHIXWXUH 
 
$&.12:/('*0(17 
:HWKDQN WKH(QJLQHHULQJDQG3K\VLFDO5HVHDUFK&RXQFLO
(365& LQ WKH 8. IRU WKHLU ILQDQFLDO VXSSRUW WKURXJK WKH
JUDQW ³8OWUDVRXQG LQ D 1HHGOH 0LQLPDOO\-LQYDVLYH +LJK
5HVROXWLRQ ,PDJLQJ IRU 1HXURVXUJHU\´ UHIHUHQFHG
(3. 
 
5()(5(1&(6 
[1] 7 0 3HWHUV ,PDJH-JXLGHG VXUJHU\ IURP ;-UD\V WR YLUWXDO UHDOLW\
&RPSXWHU0HWKRGV LQ%LRPHFKDQLFV DQG%LRPHGLFDO(QJLQHHULQJ YRO
SS- 
[2] 30%ODFN70RULDUW\($OH[DQGHU,,,36WLHJ(-:RRGDUG3/
*OHDVRQ & + 0DUWLQ 5 .LNLQLV 5 % 6FKZDUW] DQG ) $ -ROHV]
'HYHORSPHQWDQGLPSOHPHQWDWLRQRILQWUDRSHUDWLYHPDJQHWLFUHVRQDQFH
LPDJLQJ DQG LWVQHXURVXUJLFDO DSSOLFDWLRQV1HXURVXUJHU\ YRO SS
- 
[3] ' / +LOO & 5 0DXUHU -U 5 - 0DFLXQDV - $ %DUZLVH 0 -
)LW]SDWULFN DQG 0 < :DQJ 0HDVXUHPHQW RI LQWUDRSHUDWLYH EUDLQ
VXUIDFH GHIRUPDWLRQ XQGHU D FUDQLRWRP\ 1HXURVXUJHU\ YRO  SS
- 
[4] 3 +DVWUHLWHU & 5H]N-6DODPD * 6R]D 0 %DXHU * *UHLQHU 5
)DKOEXVFK 2 *DQVODQGW DQG & 1LPVN\ 6WUDWHJLHV IRU EUDLQ VKLIW
HYDOXDWLRQ0HGLFDO,PDJH$QDO\VLVYROSS- 
[5] 00-/HWWHERHU3::LOOHPV0$9LHUJHYHUDQG:-1LHVVHQ
%UDLQ VKLIW HVWLPDWLRQ LQ LPDJH-JXLGHG QHXURVXUJHU\ XVLQJ -'
XOWUDVRXQG%LRPHGLFDO(QJLQHHULQJ,(((7UDQVDFWLRQVRQYROSS
- 
[6] 036LQGRX3UDFWLFDOKDQGERRNRIQHXURVXUJHU\6SULQJHU 
[7] ($OH[DQGHU ,,,70RULDUW\5.LNLQLV3%ODFNDQG) -ROHV] 7KH
SUHVHQW DQG IXWXUH UROH RI LQWUDRSHUDWLYH 05, LQ QHXURVXUJLFDO
SURFHGXUHV 6WHUHRWDFWLF DQG IXQFWLRQDO QHXURVXUJHU\ YRO  SS -
 
[8] 6 =DXVLQJHU & 6FKLFKRU ( 8KO 0 ) 5HLVHU DQG --& 7RQQ
,QWUDRSHUDWLYH &7 LQ 1HXURVXUJHU\ LQ ,QWUDRSHUDWLYH ,PDJLQJ DQG
,PDJH-*XLGHG7KHUDS\HG6SULQJHUSS- 
[9] 0 ,YDQRY 6 :LONLQV , 3RHDWD DQG $ %URGEHOW ,QWUDRSHUDWLYH
XOWUDVRXQG LQ QHXURVXUJHU\ ± D SUDFWLFDO JXLGH %ULWLVK -RXUQDO RI
1HXURVXUJHU\YROSS- 
 
